This paper presents a novel leaky-wave antenna based on the Half-Mode Substrate Integrated Waveguide (HMSIW) structure with low side lobe level. The effect of the structural parameters of the LWAs on the radiation performances is studied. Using beamforming technique, the leakage loss factor along the radiation aperture is designed in a tapered way by controlling the aperture depth along the structure. This controls the radiated power along the antenna aperture and finally achieves the radiation pattern with low SLL. Furthermore, the antenna structure is optimized to get an even lower SLL.
Introduction
Leaky-wave antennas (LWAs) have been widely used in microwave and millimeter-wave applications for their capability of beam scanning by frequency and high directivity [1] [2] [3] [4] . The LWA based on the substrate integrated waveguide (SIW) was recently proposed, which has significant features such as high value, high power capacity, low loss, and low cost [5, 6] . Among different kinds of SIWs, a more compact guided-wave structure called Half-Mode Substrate Integrated Waveguide (HMSIW) was proposed [7] [8] [9] . As we know, the magnitude of -field of dominant mode in SIW reaches its maximum in the symmetry plane of SIW, which can be seen as a magnetic wall. Therefore, a SIW can be divided into two parts equally, and each one can be seen as a HMSIW structure. The HMSIW structure preserves almost all of the advantages of SIW whereas its size is approximately reduced by half [10] .
The available LWAs based on HMSIW structure have the drawback of high side lobe level (SLL) since the aperture field distribution on the magnetic wall is uniform. However, in some applications of LWAs such as radar and communication systems, low SLL is required. For the long slot rectangular waveguide LWAs, in order to realize a low SLL, a tapering aperture field is achieved by meandering the long slot [11] .
For the SIW LWAs, two approaches are proposed in [12] to reduce SLL. One of them is to curve the long slot on the top wall of SIW while keeping the array of via holes unchanged. The other is to curve the arrangement of metal via holes array while keeping the slot straight. The second one can simultaneously achieve low SLL and lower cross-polarization level. However, these approaches are used in ordinary SIW LWAs and have not been extended HMSIW yet.
In this paper, a LWA with low SLL based on HMSIW structure is proposed; by meandering the array of metal via holes, the SLL can be reduced effectively. Section 2 describes the structure of the antenna, and the theory and method for analyzing the antenna is presented, the effects of the aperture depth on the leakage factor and propagation constant are studied, the distribution of along the leakage aperture is given. In Section 3, a novel HMSIW LWA with the property of low SLL is designed based on the control of aperture field distribution. Furthermore, the antenna structure is optimized to achieve better performance and the simulation results are presented. Conclusions are summarized in Section 4. Figure 1 shows the structure of the HMSIW LWA considered in this paper. is the antenna length, ℎ is the thickness of substrate and the dielectric constant of substrate is 2.2, is the width between the metal via holes and leakage aperture (also called aperture depth when seen from antenna angle), and 0 is the width between the metal via holes and the other edge of waveguide. The via holes of the HMSIW LWA are arranged in -axis with period of 0 , and the diameter of the via holes is . Usually, the width 0 is designed less than /4 to avoid the undesired channel modes [13] [14] [15] .
Theory and Method

Configuration and Parameters.
Since the aperture depth of antenna has significant effect on the cutoff frequency of the HMSIW, it is important to know the range of within which the structure supports the traveling wave. Figure 2 shows the variation of the 21 as function of and frequency. It can be seen that the cutoff frequency of the waveguide decreases when increases. In this paper, the operating frequency is set to 8.5 GHz, so that the antenna can work within a wide range of from 7.1 mm to 8.5 mm.
Relationship between Leakage Factor and Aperture Depth.
For a uniform traveling wave structure, the attenuation constant can be calculated from 21 of the structure by [16] = − log 21 .
Because the substrate is set to be lossless and the metal material is supposed to be perfect electrical conductor, the result of (1) will be the leakage constant only. The propagation constant can be calculated indirectly by radiation pattern of the antenna by [16] 
where MB is the main beam direction of the antenna, and 0 is the wave number in free space. The variations of and with are given in Figures 3(a) and 3(b) , respectively, and the -plane radiation patterns of the antenna used to calculate are given in Figure 4 . It is found that when increases, decreases, but increases. Therefore, when increases, the power radiated from the opening aperture of the waveguide will also decrease, but the main beam of the antenna will approach to the antenna axis.
Relationship between Leakage Factor and Aperture Field
Distribution. For low SLL design, we must find a way to adjust the aperture field distribution; as we know, by changing the aperture depth , the field strength in the aperture can be adjusted. It is difficult to directly establish the relationship between the aperture depth and aperture field distribution. However, the aperture field distribution ( ) and the leakage factor distribution ( ) have the following relationship [16] :
where is the distance from the origin to the considered point in the aperture and represents the ratio of power absorbed by the terminal load and can be calculated by
By combining (3) with Figure 3 (a), we can indirectly get the relationship between the aperture field and the aperture depth. In (3), the value of actually is varying with the aperture field distribution, but if the length of antenna is fixed and the aperture depth changes within a limited range, the variation of is not significant and can be set to the average of the values under different aperture depths in the considered range. This approximation simplifies the designing procedure significantly. For the antenna structure and parameters used in this paper ( = 136 mm, and changes from 7.1 mm to 8.5 mm), is set to the average of 0.5.
Design and Optimization of the Antenna
Design of Antenna Structure and Discussion of Results.
It is indicated in [11] that if ( ) follows the cosine distribution, the antenna will have low SLL. Thus, in this paper, the aperture field is also designed to be the cosine distribution
International Journal of Antennas and Propagation By substituting (5) into (3), the distribution of ( ) can be obtained and is shown in Figure 5 . By combining Figure 5 with Figure 3(a) , the variation of the aperture depth along the waveguide can be achieved by one-dimensional linear interpolation method and is shown in Figure 6 . According to Figure 6 , the structure of the designed antenna with low SLL can be obtained, as shown in Figure 7 . Since the wave power is attenuated when traveling along the HMSIW structure, the distribution of along the leakage aperture becomes an asymmetrical cosine function; this further leads to the phenomenon that the minimal value of is not occurring in the center of the aperture. The simulated radiation pattern in -plane of the cosine distribution tapered LWA is given in Figure 8 , comparing with that of the LWA with uniform waveguide with = 8.5 mm. It can be seen that the SLL of tapered LWA is reduced about 6.8 dB. However, variation of the phase constant with width makes the main beam width a little bit wider and leads to a shift of beam direction.
Optimization for Lower SLL.
In order to further reduce the SLL of the antenna, the locations of the via hole array are optimized. It is found that when the via holes at other locations are moved closer to the leakage aperture by 0.3 mm, while the via holes at 80 mm, 82 mm, 84 mm, and 86 mm are moved by 0.5 mm, 0.6 mm, 0.6 mm, and 0.5 mm to the aperture, respectively, as shown in Figure 9 , then we can get a relative minimum SLL. The radiation pattern after optimization is shown in Figure 10 , and the radiation pattern for the antennas before optimization is also given for comparison. It can be found that the SLL of the optimized LWA is reduced by 2.0 dB compared with that of the nonoptimized antenna, but the main beam direction and beam width are The antenna with uniform width W = 8.5 mm The designed antenna reduced by 5 ∘ and 1 ∘ , respectively, comparing with those of the nonoptimized antenna.
Conclusion
In this paper, the effects of the structural parameters of the HMSIW LWAs on leakage loss factor and propagation constant are studied first. Based on the results, the antenna with the characteristic of low SLL is designed and realized by a HMSIW with cosine aperture field distribution. The SLL of the designed antenna is 6.8 dB lower than that of the antenna with uniform aperture field distribution. Furthermore, an additional decrease of 2.0 dB can be achieved after optimization of the antenna structure. From the results we can see that the design scheme for reducing the SLL of HMSIM is effective.
